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Shear reinforcementsAbstract Sometimes, due to design mistakes or a change in the construction function results in
heavier or additional loads, a ﬂat slab may be failed by punching shear which is considered as a
brittle failure. A lot of research work has been carried with the objectives of strengthening existing
ﬂat slabs against punching shear. Nevertheless, very few experimental tests have been conducted for
the investigation of the behavior of repaired ﬂat slabs damaged due to punching shear.
An experimental investigation with the objective of retroﬁtting ﬂat slabs damaged due to punch-
ing shear using prestressed vertical bolts is presented in this paper. The parameters examined in this
study are vertical prestressed bolts with different ratios within the slab thickness, slab thickness and
central column size. Through the experimental tests the load carrying capacity, deformation char-
acteristics and the cracking behavior have been investigated. A comparison between the behavior of
retroﬁtted slabs and their references showed that the proposed system of repair is effective and
could be used in practice. A comparison between the experimental results and calculated punching
failure load based on the formulas adopted by different codes, showed a reasonable agreement.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Strengthening of existing ﬂat slabs against punching shear has
been investigated through many experimental works [1–6].
These investigations were based on the addition of studs,
closed stirrups and (FRP) sheets around the columns, with dif-
ferent arrangements. Ghali et al. [7] enhanced the slabs punch-
ing shear strength by the addition of prestressed bolts. Duarte
et al. [8] reported experimental results of four slabs enhanced
by using transversal prestressed bolts with different properties
and tested under punching. Mostafaei et al. [9] investigated thepunching behavior of externally prestressed concrete slab and
the punching characteristics of seven specimens enhanced by
providing external longitudinal prestressing system to the slab
at top and bottom sides. They stated that the addition of exter-
nally post-tensioned reinforcements showed a signiﬁcant
increase in the punching strength and ductility of tested slabs.
Polak and Bu [10] addressed new design criteria for sizing bolts
as shear reinforcement and adopted recommendations for dril-
ling holes and the arrangement of bolts in plan. Liana et al.
[11] adopted an experimental investigation on the punching
behavior of ﬂat slabs with opening adjacent to shorter side
of column. Sissakis and Sheikh [12] strengthened reinforced
concrete ﬂat slabs against punching shear by using carbon
ﬁber-reinforced polymer (CFRP) laminates. To retroﬁt slabs
Nomenclature
Asv area of shear reinforcements inside the control
perimeter
ASW cross-sectional area of one perimeter of the shear
reinforcement around the column
bo,ACI control perimeter set at d/2 of the border of the
support region
c column side length
d effective depth of the slab
ds stud diameter
fc
0 concrete cylinder strength
fy yield strength of the shear reinforcements
K factor accounting for the size effect
nr number of radii shear reinforcement
S distance of two adjacent studs of one radii
U length of a control perimeter at 2d from the loaded
area
Vd ultimate punching failure load
qf ﬂexural reinforcement ratio
qm mid-shear rebar mesh ratio
qs shear reinforcement ratio
/c concrete partial safety factor equal to 0.65
/s steel partial safety factor equal to 0.85 where
headed shear studs are provided
k factor to account for density of concrete and is
equal to 1.0 for normal concrete
510 H.S. Askarwith (FRP), a process analogous to stitching was used. Test
results showed that a remarkable increase in punching strength
and ductility could be achieved by using (CFRP) in retroﬁtting
reinforced concrete slabs for enhancing their punching capac-
ity. Based on the critical shear crack theory, Muttoni [13] pro-
posed a punching shear failure criterion for slabs without shear
reinforcements. The used phenomenon showed that the punch-
ing strength capacity of ﬂat slabs is dependent on the slab span
rather than its thickness. Also the proposed phenomenon
showed better results rather than the different codes when
compared with results. Birkle and Dilger [14] investigated the
effect of thickness of ﬂat slabs on punching load capacity. It
concluded that the slab thickness had no signiﬁcant effect on
punching strength relative to slab dimensions. El-Salakawy
et al. [15] described a new shear strengthen method for existing
ﬂat slabs by the addition of externally tightened shear bolts
through drilled holes in slab thickness. The test results showed
that the proposed technique improves the punching capacity
and ductility of strengthened ﬂat slabs. Eid et al. [16] tested ﬁve
prestressed specimens with near column opening to investigate
its punching characteristics. On the other hand, in the current
literature, no adequate experimental investigations have been
reported on repairing of punching damaged ﬂat slabs.
In this study, experimental tests have been conducted to
investigate the behavior of retroﬁtted punching damaged ﬂat
slabs by adding of prestressing bolts. Four slabs with different
properties designated as NR(40)-4, NR(40)-5, NR(40)-6 and
NR(40)-7were repaired and tested up to failure. All the ﬂat slabs
had the same outer dimensions in plan (1200 mm · 1200 mm)
including the supported portion, 100 mm from each side. The
concrete used in the slabs repair had the same concrete grade
of the reference slabs, (NSC-M40). These specimens had middle
reinforcementmeshwith different volumes; in addition, the cen-
tral column dimensions and slab thickness [17,18] were variable
aswell. The concrete of these four previously punching damaged
specimens was ﬁrst retroﬁtted, and then strengthened by using
prestressed bolts as vertical shear reinforcement and they were
tested up to failure. A comparison between the retroﬁtted slabs
and their references showed that the suggested repairing system
is efﬁcient in repairing ﬂat slabs and in increasing their punching
strength and deformability. In all the tested slabs, the governing
failure mode was outside the shear reinforcement zone.2. Research signiﬁcance
Based on the knowledge developed from the recent literature,
research work in retroﬁtting ﬂat slabs damaged due to punch-
ing shear effect is no longer sufﬁcient or meets adequate detail-
ing requirements. The main aim of this investigation is to ﬁnd
out how far is the efﬁciency of the suggested prestressed tech-
nique in enhancing the punching characteristics of the retro-
ﬁtted ﬂat slabs. The test result of each specimen has been
compared to its reference [17,18]. The comparison showed that
the retroﬁtted slabs gained higher cracking load, punching fail-
ure load and deformability relative to its reference slabs.
3. Experimental program
The experimental program presented in the current investiga-
tion comprises the repairing and testing of 4 punching dam-
aged specimens. These slabs were originally reinforced with
intermediate rebar mesh and tested under incremental vertical
load up to failure [17,18]. Theses specimens had different thick-
nesses, intermediate reinforcement mesh volume and central
column size; on the other hand, they had the same concrete
grade (NSC-M40). The four damaged slabs were retroﬁtted
using prestressed bolts added in different arrangements as
shown in Figs. 1 and 2. The retroﬁtted slabs were tested up
to failure and the test results of each specimen were compared
to its reference slab. The comparison was mainly concerned
with the effect of the suggested retroﬁtting technique on the
mode of failure, propagation of cracks, enhancement of
punching failure load, and deformation and ductility charac-
teristics. Table 1 shows the details of reference slabs.
3.1. Properties of the used materials
In the present investigation, NSC was used in all tested speci-
mens with 28 days target strength 40 MPa. For the assessment
of the concrete compression strength, steel cubic molds of
150 * 150 * 150 mm were cast during the specimens casting.
The proportions of concrete mix are given in Table 2. The pre-
stressed bolts were cut from M9.5 threaded bar and the bar
tested yield stress was 418 MPa.
Figure 1 Vertical prestressed bolts as shear reinforcements.
 slab NR(40)-6 repaired with slabs NR(40)-4,5,7 repaired with                             
eight bolts                                        sixteen bolts                                   
(a) (b)
Figure 2 Arrangement of prestressed bolts in tested slabs.
Table 1 Details of reference slabs.
Specimen t (mm) d (mm) c/d fCu (MPa) qf (%) qm (%)
N4(40) 180 160 1.00 41.7 0.47 0.327
N5(40) 140 120 2.08 43.1 0.47 0.327
B1(40) 140 120 1.33 39.8 0.24 0.327
B3(40) 140 120 1.33 41.8 0.97 0.327
Table 2 Concrete mix proportions for NSC.
Used material NSC (40 MPa)
Mix
proportions
Dry weight (kg/m3)
Standard Portland cement 1.00 500
Fine aggregate (sand) 1.19 595
Dolomite (10 mm) 2.21 1105
Water 0.43 215
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The current experimental tests comprise the testing of four
retroﬁtted ﬂat plates. These specimens were previously tested
under incremental vertical concentrated load applied to the
specimen central column up to failure. The differences between
these specimens are in column size, the volume of intermediate
shear rebar mesh, ﬂexural reinforcement and thickness of
plate. The specimens’ geometrical properties and reinforce-
ments are given in Table 1. All specimens tested area weresquare slabs with constant supported side length 1000 mm.
The thickness of specimen NR(40)-4 was 180 mm, but for spec-
imens NR(40)-5, NR(40)-6 and NR(40)-7, the thickness was
140 mm. For all specimens, a central cubic column for apply-
ing the vertical load with 160 mm side length has been used
except for specimen NR-5, the column was square with
250 mm side length. The damaged specimens were repaired
using concrete with the same speciﬁcations of the original
Figure 4 Test setup.
512 H.S. Askarslabs. For strengthening the slabs, prestressed bolts were
inserted to the specimens after repairing the concrete by dril-
ling vertical holes in different arrangements as shown in
Figs. 1 and 2. For specimen NR(40)-6, 8 bolts were used as
punching shear reinforcement, Fig. 2a, while for specimens
NR(40)-4, NR(40)-5 and NR(40)-7, 16 transversal prestressed
bolts were applied to specimens around the column, Fig. 2b.
In this investigation, the shear reinforcement ratio (qs) is calcu-
lated for the tested slabs based on the formula stated by Lips
et al. [2] at a perimeter at d/2 from the edge of the supporting
region.
qs ¼ ½ðp=4Þnrd2S=½Seð4cþ pdÞ ð1Þ
where nr is the number of radii of shear reinforcement, ds is the
stud diameter, Se is the distance between two adjacent rein-
forcements in the radial direction, c is the column side length
and d is the effective depth of slab.
3.3. Instrumentation
The specimens testing load was applied through a calibrated
hydraulic jack of 1000 kN capacity. The central deﬂection
was measured and recorded by means of inductive displace-
ment transducer (LVDT). To measure the strains in the bolts,
electrical resistance strain gauges were past at the central
length of stud as shown in Fig. 3. For pasting the strain gages,
studs were machined for a length of about 15 mm to remove
the thread and getting a smooth surface. After machining,
the effective bolt intermediate diameter measured 7.3 mm.
The gauges were glued and carefully insolated against the leak-
age of liquids.
3.4. Description of testing set-up and testing procedure
During testing, the slabs were ﬁxed symmetrically to a stiff
reaction frame as shown in Fig. 4. In applying the load to a
specimen, the hydraulic jack was adjusted concentrically at
the slab central column in a vertically aligned position with
the center of specimen. During the testing operation the load
was transmitted to the specimen monotonically in a constant
incremental rate of 50 kN. After each loading stage, the slab
bottom surface was carefully investigated and the propagationFigure 3 Bolts with strain gages.of cracks was traced and marked. Specimen central deﬂection
and the strain in bolts were recorded alternatively with the
application of load. After the cracking and at the ﬁnal stage,
the slab ability to resist the rate of the applied load dropped
down rapidly. At this moment, the load was applied continu-
ously to the specimen up to failure and the propagated cracks
were accurately mapped.
3.5. Specimens repair
The repair of specimens has been carried out in two steps. The
ﬁrst step was retroﬁtting the damaged concrete. However, the
second step was the prestressing operation of the inserted
bolts.
3.5.1. Repair of damaged concrete
The damaged specimens are as shown in Fig. 5. To return the
central column back to its original position before punching
failure, the column was jacked in the opposite direction by
using a hydraulic jack. This action is similar to propping dam-
aged concrete elements before repair in practice. Afterward,
the slab surface was carefully cleaned from dust and loose con-
crete particles using air jet technique. An epoxy adhesive mate-
rial was used to connect the old concrete surface to the newFigure 5 Shape of slab before repair.
Figure 7 Calibration of the torque spanner.
Table 3 Details of retroﬁtted slabs.
Specimen dS
(mm)
dact
(mm)
Sn qs
(%)
fyS
(MPa)
fCu
(MPa)
NR(40)-4 9.5 7.3 16 0.69 418 42.2
NR(40)-5 9.5 7.3 16 0.57 418 42.2
NR(40)-6 9.5 7.3 8 0.77 418 42.2
NR(40)-7 9.5 7.3 16 0.77 418 42.2
Usage of prestressed vertical bolts 513casted concrete. To keep the repaired slab with the same spec-
iﬁcation of the reference slabs, the same concrete proportions
given in Table 2 were used. After the curing period, the speci-
mens became ready for the application of prestressing bolts.
3.5.2. Prestressing of bolts
After the retroﬁtting of concrete slabs, the locations of bolts
according to their design arrangement were carefully marked.
To install the bolts at their locations, holes were drilled into the
concrete with a hammer-drilling machine. The diameter of
hole was typically 14 mm for inserting 9.5 mm bolt diameter.
In this investigation the suggested prestressing force per bolt
was 5.0 kN. To measure the tensile strain in bolts against the
applied load, electrical resistance strain gauges were ﬁxed at
the bolts as shown in Fig. 3. The bolts were inserted at the
drilled holes and for the application of the prestressing force
to bolts, a calibrated torque spanner was used to tighten the
nut of stud as shown in Fig. 6. The torque spanner was
calibrated to give 5.0 kN tension force per bolt by using a
tensile universal testing machine. For calibration, the bolt
bar was ﬁtted at the machine and by using the torque spanner,
the bolt nut was continuously tightened till the machine gauge
recorded 5.0 kN as shown in Fig. 7. At this situation the span-
ner reading was locked through the scaled hand and it became
ready for applying a prestressing force 5.0 kN per bolt. For
ﬁtting the bolt in its position, the drilled hole was cleaned
properly from dust and ﬁlled with adhesive epoxy paste for
ﬁxing the bolt with the concrete. Afterward and before the
setting of the paste, the bolt accompanied with two steel plates
from both sides measuring 50 · 50 · 5 mm as washers and
nuts, was inserted through the adhesive epoxy paste from the
bottom side to top surface of slab. Next, the top washer and
nut were tightened by the calibrated spanner till the applica-
tion of the design prestressing force (see Table 3).
4. Test results
4.1. Crack pattern of specimens
The crack pattern of specimens was critically traced and
marked alternatively with the application of load up to failure.
The development of cracks followed almost the same behavior
in all tested slabs. The failure crack appears within the externalFigure 6 Shape of slab during prestressing of bolts.perimeter of prestressed bolts and the tangential shear cracks
spread around the column inside the area of shear bolts.
Near the failure stage, redial cracks started to appear and
extended to the specimen edges. At the failure stage, the bolts
strain gauges recorded very high strains and the specimens
reached the failure stage without any damage in the shear
bolts. After the appearance of the main crack, the specimens’
sustainability for the applied load dropped down rapidly. At
the ﬁnal stage of testing, the load was applied continuously
without stopping till reaching the failure load. For tested spec-
imens, the recorded cracking load in average was about 82%
of the failure load, Table 4. Referring to the cracking load of
the reference specimens, the experimental results showed that
the application of prestressing load to bolts increased the
cracking load values of the repaired slabs relative to their ref-
erences. Also it could be observed that the cracking load of
repaired slabs reached almost the failure load of reference
slabs. The ﬁnal crack pattern of tested specimens is shown in
Fig. 8.
4.2. Deﬂection characteristics
Fig. 9 shows the load–deﬂection relationships of the tested
slabs. These relations were almost linear up to the cracking
load, beyond that and upon increasing the applied load, cracks
started to appear and the rate of deﬂection increased rapidly
up to failure. To investigate the effect of the suggested retroﬁt-
ting technique on slabs deﬂection, the deﬂection of the repaired
specimens is compared with that of the reference specimen. As
it can be observed from Fig. 9, the addition of prestressed bolts
to the repaired slabs recorded higher deformability relative to
the reference slabs. For slab NR(40)-6 repaired by the addition
Table 4 Test results.
Nature of slab Specimen Cracking load
(kN)
Failure load
(kN)
Reference slabs [17,18] N4(40) 153.6 477.09
N5(40) 125.0 430.90
B1(40) 92.30 246.24
B3(40) 107.3 384.75
Repaired slabs NR(40)-4 460.0 580.00
NR(40)-5 360.0 450.00
NR(40)-6 250.0 300.00
NR(40)-7 340.0 400.00
514 H.S. Askarof 8 prestressed bolts in one row around the column, Fig. 9c
showed a major increase in the total deﬂection relative to the
reference slab B1(40). It means that the increase in deformabil-
ity of repaired slabs was a result of the small applied number of
shear reinforcement bolts. The same trend can be observed
from Fig. 9a, b and d, retroﬁtted with the addition of 16
bolts in two rows as shown in Fig. 9. It recorded higher
deformability values relative to the reference slabs. That mightFigure 8 Crack pattern of tesbe attributed to the higher number of shear reinforcement
bolts. So, based on this observation, it is clear that increasing
the prestressing shear reinforcement will increase the deforma-
bility of repaired slabs.
4.3. Punching load capacity
The recorded punching failure load of the tested slabs and the
reference specimens are given in Table 4. All the repaired slabs
recorded higher punching failure load values relative to the ref-
erence slabs but with different ratios as shown in Fig. 10.
Specimen NR(40)-4 was repaired with the addition of 16 pre-
stressed bolts, failed under punching load 121.57% of its refer-
ence specimen N4(40). The increase in the punching strength of
repaired slab might be correlated with the small ratio of the
column side length (c) to the slab depth (d), (c/d= 1.0). This
also explains the appearance of minor ﬂexural cracks, and then
the punching shear cracks propagated afterward and domi-
nated up to failure. From the crack pattern of specimen, it is
noted that the critical punching shear cracks appeared around
the outer perimeter of bolts and the ﬂexural cracks extended to
the slab edges. From the load–strain diagram shown inted slabs (bottom surface).
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Figure 9 Load deﬂection relationship of tested slabs.
Usage of prestressed vertical bolts 515Fig. 11a, it could be observed that the strains in the bolts were
almost negligible (nil) up to the cracking load stage. Beyond
that and with increasing the applied load, the shear reinforce-
ment started to resist the load up to failure. So the specimen
failure could be categorized as Punching Flexural Failure
(PFF).
For specimen NR(40)-5 reinforced with 16 bolts as shear
reinforcement with (c/d= 2.08), it could be seen that the effect
of addition of bolts increases the failure load to 104.43% of
that of the reference specimen N5(40). So, the addition of bolts
to the specimen showed a slight effect on the punching failure
load. That might be due to higher ratio of (c/d) which shifted0 
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Figure 10 Punching strength of repaired slabs and its references.slightly the location of bolts away from the critical punching
area toward the slab edges. This information could be con-
ﬁrmed from the load–strain diagram shown in Fig. 11c. It
showed that the punching tensile strains in concrete were
mainly resisted by the ﬁrst row of bolts only, while minor ten-
sile strains were resisted by the second row. From the specimen
crack pattern shown in Fig. 8, it could be observed that there is
no concentration of shear cracks within the bolts area but it
spread all over the tension side of specimen and extended to
the slab edges. So the slab mode of failure could be considered
as ﬂexural punching failure (FPF).
Specimen NR(40)-6 with (c/d= 1.33) was repaired with the
addition of 8 prestressed bolts as shear reinforcement. It
recorded failure load 121.83% relative to its reference speci-
men B1(40). So it is clear that despite of the lower number
of used bolts, the failure load increased signiﬁcantly. Due to
the lower ﬂexure reinforcement ratio (q= 0.24%), the applied
load was resisted mainly by the shear reinforcement. The load
strain diagram shown in Fig. 11b conﬁrmed this information
because it indicates that beyond the cracking load stage,
strains in bolts increased signiﬁcantly up to failure. The speci-
men crack pattern shown in Fig. 8 indicates that the punching
cracks spread within the bolts zone where the predominant
cracks of failure of specimen occurred. Some minor ﬂexure
cracks could also be observed extended to the slab edges.
Based on the aforementioned cracking behavior, the specimen
failure mode could be categorized as punching failure (PF).
Specimen NR(40)-7 recorded a minor increase in the failure
load with about 103.96% relative to the reference specimen
B3(40) despite the addition of 16 prestressed bolts as shear
reinforcements. From the load–strain diagram shown in
(a) Specimen [NR(40)-4] (b) Specimen [NR(40)-6] 
(c) Specimen [NR(40)-5] (d) Specimen [NR(40)-7] 
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Figure 11 Load–strain relationship of bolts.
516 H.S. AskarFig. 11d, it could be observed that bolts started to withstand
the tensile strains beyond cracking load only and up to failure.
This might be due to the very high ratio of used ﬂexure rein-
forcements (q= 0.97%). So, the punching shear cracks started
to propagate ﬁrst within the bolts zone. Near the ﬁnal stages of
loading, minor ﬂexure cracks started to appear and extended
to the specimen edges. The specimen crack pattern shown in
Fig. 8 conﬁrms this observation and the failure of specimen
NR-7 could be considered as punching ﬂexure failure (PFF).
4.4. Correlation between experimental and calculated punching
strength
For predicting the failure load of tested specimens, the equa-
tions adopted by Duarte et al. [8] according to the
Eurocode-2-EC2 [19], ACI 318-11 [20] and the CSA 23.3-04
[21] for slabs with vertical shear reinforcements have been
used.
4.4.1. Eurocode-2-EC2 [19]
Vd ¼ 0:135kð100qm f0cÞ1=3Udþ Asvfy N ð2Þwhere Vd is the ultimate punching failure load, qm ﬂexural rein-
forcement ratio, fc
0 concrete cylinder compressive strength, U
is the length of a control perimeter at 2d from the loaded area
strength, d effective depth of the slab, Asv the area of shear
reinforcements inside the control perimeter, fy yield strength
of the shear reinforcements, k is a factor accounting for the
size effect.
k ¼ 1þpð200=dÞ  2:04.4.2. ACI 318-11 [20]
The punching failure load Vd for slabs with studs as shear rein-
forcement could be calculated as follows;
Vd ¼ ð1=4Þbo;ACI dpf0c þ Aswfyðd=SÞ N ð3Þ
where bo,ACI is the control perimeter set at d/2 of the border
of the support region, Asw is the cross-sectional area of one
perimeter of the shear reinforcement around the column,
and S is the distance between two adjacent studs in one
radii.
Table 5 Punching load capacity according to different codes.
Vd test/Vd calc EC-2 ACI-318 CSA
NR(40)-4 1.04 1.16 1.04
NR(40)-5 0.94 1.09 0.98
NR(40)-6 1.09 1.22 1.09
HR(40)-7 0.81 1.13 1.02
Avg – (COV) 0.97 (11.03%) 1.15 (5.12%) 1.0325 (3.83%)
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Figure 12 Correlation between the experimental and the calcu-
lated punching load based on different codes.
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The following equation calculates the punching shear resis-
tance of slabs strengthened with shear reinforcements inside
the shear reinforced zone.
Vd ¼ /cvc þ /svs  /cvmax N ð4Þ
where /c is the concrete partial safety factor equal to 0.65 and
/s is Steel partial safety factor equal to 0.85.
Where headed shear studs are provided:
Vc ¼ 0:28k
ﬃﬃﬃ
f0c
q
ud f0c in N=mm
2 ð5aÞ
Vs ¼ Aswfyd=s ð5bÞ
Vmax ¼ 0:75k
ﬃﬃﬃ
f0c
q
ud f0c in N=mm
2 ð5cÞ
where k is a factor to account for density of concrete and is
equal to 1.0 for normal concrete.
The predicted ultimate punching loads shown in Table 5,
indicates that the results obtained based on the ACI 318-11
[20] and CSA 23.3-04 [21] showed an acceptable agreement
with test results, while the EC2 [19] showed a reasonable accu-
racy. A correlation between experimental and calculated
punching strength is given in Fig. 12.5. Conclusions
The main objective of the present experimental tests is to inves-
tigate the efﬁciency of repairing damaged ﬂat slabs due to
punching using a simple and easy method of prestressing
added bolts as shear reinforcement. In this investigation four
punching damage slabs with different parameters such as the
provided amount of shear reinforcements, depth of slab (d),
(c/d) ratio and ﬂexural reinforcement ratio, were repaired with
the addition of prestressed bolts and tested. A comparison
between the experimental punching load and the calculated
results obtained based on the equations adopted by different
codes has been conducted. The results from the ACI 318-11
and CSA 23.3-04 showed an acceptable agreement with test
results, while that from the Eurocode-2 had just reasonable
accuracy. Based on the present experimental results and calcu-
lated punching strength of ﬂat slabs, the followings can be
drawn.
1. The suggested simple prestressing technique for retroﬁtting
the punching damaged ﬂat slabs showed a signiﬁcant
enhancement in the behavior of the repaired slabs.
2. Upon reaching the cracking stage and with increasing the
applied load, cracks started to propagate and the failure
of specimens occurred with a distinguished sound.
3. Usage of prestressing bolts as repairing system for punch-
ing shear damage slabs increases signiﬁcantly the cracking
load of repaired slabs relative to their references. Also,
the experimental results showed that the cracking load of
repaired slabs reached almost the failure load of reference
slabs.
4. Based on the test results, the load deﬂection characteristics
of tested slabs showed that the deformability of repaired
slabs increased as the number of adopted prestressed shear
reinforcement bolts increased.
5. Repaired specimens recorded higher punching failure load
values relative to their reference slabs indicating that the
suggested system of repairing punching damaged slabs is
an effective system and could be used in practice.
6. From the comparison between the experimental results and
the results of calculated punching strength based on the for-
mulas adopted by different codes, the ACI 318-11 and CSA
23.3-04 give results with an acceptable agreement with test
results, while the Eurocode-2-EC2 showed a reasonable
agreement for predicting the punching load capacity of
the repaired slabs.Acknowledgments
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